Background and PurposezzBariatric surgery is associated with improved cognitive function, but the mechanisms underlying these gains remain poorly understood. Disturbed leptin and ghrelin systems are common in obese individuals and are associated with impaired cognitive function in other samples. Bariatric surgery has been shown to improve serum leptin and ghrelin levels, and these changes may underlie postoperative cognitive improvements.
Introduction
Obesity is a significant health concern worldwide and is now a recognized risk factor for adverse neurological changes, including dementia (e.g., Alzheimer's disease), and abnormalities on neuroimaging.
1,2 Neuropsychological testing also shows that obese individuals commonly exhibit more subtle cognitive dysfunction. For instance, an elevated body mass index (BMI) in almost all age groups is inversely associated with reduced cognitive function across multiple domains, including attention, executive function, and memory. [3] [4] [5] There is a growing body of literature suggesting that obesity-associated cognitive deficits are partially reversible through bariatric surgery. Bariatric surgery patients have been shown to exhibit lasting postoperative improvements (i.e., up to 36 months) in nearly all domains of cognitive function. [6] [7] [8] The mechanisms underlying this pattern of improved cognitive function are poorly understood, with past work revealing only minor positive effects from resolution of medical comorbidities and/or the independent effects of substantial weight loss. 6 There is reason to believe that the effects of bariatric surgery on key neurohormones may be important contributors to postoperative cognitive improvements. Obese individuals exhibit disturbed leptin and ghrelin systems (i.e., elevated leptin and decreased ghrelin); 9 these are both appetitive hormones that are directly involved in the regulation of food intake, energy, and weight. 9 Leptin and ghrelin fulfill such functions by binding to receptor sites in brain structures that also play key roles in cognitive function (e.g., hippocampus and hypothalamus). [9] [10] [11] [12] Indeed, the existing literature shows that leptin and ghrelin may influence neurocognitive outcomes. For instance, both leptin and ghrelin have been linked with cognitive function in elderly and patient populations, and are speculated to be involved in the pathogenesis of neurodegenerative conditions such as Alzheimer's disease. 11, [13] [14] [15] [16] Interestingly, serum leptin and ghrelin levels can be improved through bariatric surgery, 17, 18 although whether such changes translate to better cognitive function has yet to be determined. The present study examined whether changes in leptin and ghrelin levels are associated with improved cognitive function in patients undergoing bariatric surgery. We hypothesized that improvements in serum leptin and ghrelin levels following bariatric surgery would result in better cognitive function at the 12 month follow-up.
Methods

Trial design and participants
Eighty-four patients were recruited into a multisite National Institutes of Health prospective study examining the effects of bariatric surgery on cognitive function. All of these bariatric surgery patients were part of the Longitudinal Assessment of Bariatric Surgery (LABS) parent project and were recruited from existing LABS sites (Columbia University Medical Center, New York; Cornell University Medical Center, New York; and the Neuropsychiatric Research Institute, Fargo). 19 All participants were bariatric surgery candidates scheduled for weight-loss surgery and were thus determined eligible for surgery based on a comprehensive preoperative clinical and medical workup that was performed as part of routine weightloss surgery clinical care; indeed, the participants typically failed to meet the eligibility criteria for bariatric surgery due to medical (e.g., medication status or other health-related concerns), psychiatric (e.g., severe depression that may influence postoperative treatment adherence), and/or cognitive (e.g., altered mental status as based on brief cognitive screening) problems that may either present as safety concerns for surgery or adversely impact postoperative outcomes.
Additional study inclusion/exclusion criteria were also implemented to further minimize potential confounding factors. For study inclusion, bariatric surgery patients were required to be enrolled in LABS, aged 20-70 years, and Englishspeaking. Exclusion criteria included history of neurological disorder or injury (e.g., dementia or seizures), moderate or severe head injury (defined as loss of consciousness for >10 minutes), past or current history of alcohol or drug abuse [defined by criteria of the Diagnostic and Statistical Manual of Mental Disorders, 4th edition (DSM-IV)], history of a learning disorder or developmental disability (defined by DSM-IV criteria), or impairment in any perceptual sensory function. Participants with a past or current history of severe psychiatric illness (e.g., schizophrenia or bipolar disorder) were also excluded. Given the high rates of depressive symptoms among bariatric surgery patients, depression was not applied as an exclusion criterion. It is noteworthy that only three participants met the past-month criteria for major depressive disorder.
Only one bariatric surgery patient underwent a gastricbanding procedure; all of the others underwent a Roux-en-Y gastric bypass surgery, and hence no comparisons for type of surgery were conducted. The study population represents all individuals who had complete baseline and 12-month blood workups and had completed postoperative cognitive testing. Table 1 presents baseline demographic and clinical characteristics of the participants.
Interventions and clinical follow-up
The Institutional Review Board approved all procedures and the participants provided written informed consent prior to study involvement. All bariatric surgery patients underwent blood draw after fasting for 8 hours; leptin, ghrelin, and total cholesterol blood assays were analyzed at the LABS Central Laboratory using standardized procedures for the parent project. The participants also completed a computerized cognitive test battery within 30 days prior to the surgery. These same procedures were repeated 12 months after surgery. Participants' heights and weights were measured at each time point and used to calculate their BMIs. Medical and demographic characteristics were ascertained via self-report, and were corroborated by a medical record review performed by trained research staff.
Outcomes
Cognitive function
The IntegNeuro cognitive test battery was administered to assess cognitive function. This is a computerized battery that assesses performance in multiple cognitive domains; it can be completed in 45-60 minutes, involves automated scoring, and has demonstrated excellent validity and reliability. 20, 21 The cognitive-domain and specific tests that were conducted are described below.
Attention/executive function
Digit span backwards
This task tests auditory working memory. Subjects are presented with a series of digits on the touch screen, separated by a 1-second interval. They are asked to immediately enter the digits on a numeric keypad on the touch screen in the reverse (i.e., backwards) sequence from the order presented. The number of digits in each sequence is gradually increased from three to nine, with two sequences at each level. The total number of correct backward trials was used in the present analyses.
Switching of attention
This test is a computerized adaptation of the Trail-Making Test A and B. 22 First, subjects are asked to touch a series of 25 numbers in ascending order as quickly as possible. Then, an array of 13 numbers (1-13) and 12 letters (A-L) is presented, and the subjects must alternately touch numbers and letters in ascending order. The first part of this test assesses attention and psychomotor speed and the second part assesses executive function. Time to completion served as the outcome measure in the present study.
Verbal interference This task taps into the ability to inhibit automatic and irrelevant responses and has similarities to the Stroop Color Word Test. 23 Subjects are presented with colored words one at a time. Below each colored word is a response pad with the four possible words displayed in black and in a fixed format. The subject is required to name the color of each word as quickly as possible; this assesses executive functioning. The total number of words correctly identified was used as the dependent variable in the present study.
Memory
Verbal list learning
In this test the subjects are read a list of 12 words a total of 4 times and then asked to recall as many words as possible after each trial. Following presentation and recall of a distraction list, participants are asked to recall words from the original list. After a 20-minute filled delay (i.e., participants continued to perform other tasks), participants are asked to freely recall the learned list and perform a recognition trial comprising target words and nontarget words. The total long-delay free recall and recognition of these verbal list items were used to assess memory.
Language
Letter fluency Subjects are asked to generate words beginning with a given letter of the alphabet for 60 seconds. A different letter is used for each of three trials. The total number of correct words generated across the three trials served as the dependent variable in the present study.
Animal fluency
In this task, subjects generate as many animal names as possible in 60 seconds. The total number of correctly named animals served as the dependent variable in the present study. Data are mean±SD values except where indicated otherwise. *The sample size varied for baseline and 12-month body mass index, and the diagnostic status of hypertension, type 2 diabetes, and sleep apnea; statistics for differences in these variables are based on the total data for each time point.
Statistical analysis
All analyses were performed using SPSS software, version 22 (SPSS Inc., Chicago, IL, USA). Raw scores of all cognitive measures were transformed to T-scores (a distribution with a mean of 50, and a standard deviation of 10) using normative data correcting for age, gender, and estimated intelligence; that is, the participants' scores on each of the cognitive tests were derived through comparison with healthy individuals in the normative population of a similar age, gender, and intellectual function. A T-score of <35 (i.e., 1.5 SDs below the mean of normative standards) was reflective of impairment. Composite scores were computed for attention/executive function, memory, and language that consisted of the mean of T-scores of the respective neuropsychological measures that comprise each domain. Bivariate correlations were first conducted to examine the association between baseline serum concentrations of leptin and ghrelin, and baseline demographic and medical characteristics. Repeated-measures analysis of variance (ANOVA) was then conducted to examine changes in serum leptin and ghrelin concentration as well as in each cognitive domain (e.g., attention/executive function, memory, and language) between baseline and at 12 months after surgery. Hierarchical regression analyses were then conducted to examine the possible influence of common medical comorbidities in severely obese individuals on the postoperative cognitive function in each domain. Block 1 included baseline cognitive test performance in the respective domain, and block 2 included baseline hypertension and diabetes status (1=positive current diagnostic history; 0=past or no history), as well as insulin and total cholesterol levels.
Regression analyses adjusting for age and sex were performed to determine the baseline associations among leptin and ghrelin with attention/executive function, memory, and language. Separate hierarchical regression analyses were then conducted to investigate the effects of postoperative changes in serum leptin and ghrelin levels on each cognitive domain at the 12-month follow-up. Specifically, the performances in attention/executive function, memory, and language at 12 months postoperatively were entered as dependent variables, yielding a total of three hierarchical regression models for both leptin and ghrelin. For models examining the predictive validity of leptin, age, sex (1=males; 2=females), baseline performance of the respective domain, and baseline leptin were entered into block 1. Serum leptin concentration at 12 months was then entered in block 2 to determine its incremental predictive validity for 12-month cognitive function. These same procedures were followed for models examining the effects of ghrelin on postoperative cognitive function. Finally, the aforementioned analyses were repeated with the addition of changes in pre-to postoperative BMI included as a covariate; the sample size for these analyses was reduced to 78 due to missing data.
Results
Sample characteristics
The participants aged 43.86±10.39 years (mean±SD), 83.3% were female, and they had a baseline BMI of 46.88±6.08 kg/m 2 , indicating that they were very severely obese (Table 1) . Insulin levels were elevated at baseline, and medical conditions such as hypertension, type 2 diabetes, and sleep apnea were also prevalent at that point. Participants exhibited an improved health status at the 12-month follow-up, including lower BMI and decreased prevalence of medical comorbidities.
At baseline, the sample exhibited baseline leptin and ghrelin serum concentrations of 58.67±22.88 ng/mL and 712.28± 164. 43 
Cognitive function
In terms of baseline cognitive test performance, impairments in memory and language abilities were common (Table 2 ). Most notably, 15.5% of the sample exhibited impairments in longdelay free recall and 17.9% on the recognition task. For language, 16 .7% of the sample demonstrated impairments in the letter fluency task. Fewer than 10.0% of the subjects exhibited impairments for each of the attention/executive function tasks.
Repeated-measures ANOVA revealed a significant and positive effect on cognitive function over the 12 Table 3 provides a summary of regression models examining the baseline associations between serum leptin and ghrelin levels, and cognitive function. After controlling for age and sex, higher baseline serum leptin concentrations were associated with worse attention/executive function (β=-0.26, p=0.02). No such pattern emerged for memory or language abilities (p>0.05 for all). In terms of baseline ghrelin, there was only a nonsignificant trend between lower serum ghrelin levels and worse language abilities (β=0.20, p=0.08). Baseline serum ghrelin concentration was not associated with attention/executive function or memory (p>0.05 for all).
Leptin, ghrelin, and cognitive function
After controlling for age, sex, and baseline factors, 12-month serum leptin (β=-0.19, p=0.03) and ghrelin (β=0.25, p=0.03) levels predicted 12-month attention/executive function. Specifically, the reduction in serum leptin level and increase in serum ghrelin level following bariatric surgery was accompanied by improved attention/executive function. This pattern did not emerge for either 12-month memory or language abilities (p>0.05 for all) ( Table 4 and 5).
BMI changes, leptin, ghrelin, and cognitive function
Follow-up analyses were conducted to determine whether the effects of leptin and ghrelin on attention/executive function remained after accounting for pre-to postoperative changes in BMI. After taking the change in BMI into account, the serum levels of leptin and ghrelin no longer exhibited significant effects on attention/executive function (p>0.05 for all). However, partial correlations controlling for baseline cognitive function also showed that changes in BMI were not associated with 12-month cognitive function in any of the domains (p>0.05 for all).
Discussion
Cognitive function improved across multiple domains at 12 months following bariatric surgery. While the mechanisms underlying this phenomenon remain poorly understood, the findings of this study extend those in the existing literature by showing that changes in serum leptin and ghrelin levels predict postoperative cognitive function. Several aspects of these findings warrant brief discussion. Baseline serum leptin concentration adversely impacted attention/executive function, and postoperative decreases in serum leptin were associated with improved performance in this domain. Serum leptin is elevated in obese individuals and can be improved through bariatric surgery. 17, 24 It has been suggested that such changes not only help to sustain weight loss following surgery, 18 but also underlie postoperative improvements in neurocognitive function. Higher plasma leptin levels have been shown to attenuate cognitive decline, reduce dementia risk, and slow brain atrophy in nonobese elderly subjects, 25, 26 possibly through the role of leptin in the modulation of synaptic plasticity and beta-amyloid regulation. However, severely obese individuals can become resistant to the effects of leptin, and elevated serum levels are often viewed as being an indicator of leptin resistance. 27 This results in a reduction of the effects of leptin on brain receptors and a subsequent de- crease in the aforementioned neuroprotective effects. [28] [29] [30] [31] [32] For example, past work has shown that leptin resistance in the hippocampus is associated with Alzheimer's disease pathology; 16 leptin receptor dysfunction has also been linked with worse cognitive function. 33 It has also been suggested that leptin enters the brain via a saturable transport system, and that the capacity of this mechanism is reduced in obese individuals, in turn increasing leptin resistance in the brain. 28 Since serum leptin levels improved (i.e., decreased) in the present sample after surgery, it is possible that bariatric surgery increases the brain's sensitivity to leptin (i.e., decreased leptin resistance) in obese persons, perhaps via increased brain permeability to leptin, to improve cognition and possibly reduce the risk of cognitive decline; future studies should explore this possibility.
A particularly interesting finding was the association of postoperative increases (i.e., improvements) in serum ghrelin levels with better attention/executive function at the 12-month follow-up. The effects of ghrelin are often described as being opposite to those of leptin. Ghrelin functions as an appetite stimulant, and modulates food intake, energy homeostasis, and body weight largely through interactions with receptors in the hypothalamus. 9 The serum ghrelin concentration is inversely associated with BMI, but can also be modified through bariatric surgery. 9, 17 Such changes likely promote cognition in severely obese individuals via ghrelin's neuroprotective functions. For example, ghrelin has been shown to reduce cell death and increase neuronal survival following cerebral ischemia in rodents. [34] [35] [36] This is noteworthy in light of the elevated risk of brain hypoperfusion and vascular injury (e.g., stroke) in severely obese people. 37, 38 Ghrelin is indeed closely involved in the manifestation of vascular comorbidities (e.g., metabolic syndrome, diabetes) 39 and may interact with such conditions to influence pre-and postoperative cognitive function in bariatric surgery patients. Some studies have linked higher serum ghrelin levels to better cognitive function, 40 and plasma concentrations of this hormone are reduced in aging individuals and patients with Alzheimer's disease. 41, 42 Together these findings suggest that future studies should determine whether increases in ghrelin after bariatric surgery reduce the risk of cognitive decline and dementia in obese individuals via neuroprotective effects against vascular (e.g., ischemic) injury.
No associations between serum leptin and ghrelin levels and pre-or postoperative memory emerged in the current study. This finding was unexpected given the proposed role of these hormones in Alzheimer's disease and hippocampal function. 16, 40, 42, 43 In fact, recent work shows that leptin and ghrelin may actually prevent hippocampal dysfunction through neuroprotective effects against beta amyloid and tau pathologies. 44 Thus, despite the current findings, it is likely that these hormones play a key role in learning and memory, and further research is needed to clarify this relationship. It is possible that the methodological limitations of the current study limited the ability to detect this association, including the use of a single memory assessment and its possible lack of sensitivity to neurohormonal changes. Alternatively, the effects of leptin and ghrelin on cognitive function may be dependent on the population examined. For example, past work in obese individuals with diabetes also found an association between leptin and executive function but not memory; 15 in contrast, an association between leptin and reduced dementia risk was found among nonobese people. 26 Nonetheless, future studies that include both controls and comparison groups are needed to determine the differential effects of leptin and ghrelin on cognitive function, particularly in the context of bariatric surgery.
Finally, the findings of the present study also show that, after accounting for the pre-to postoperative change in BMI, leptin and ghrelin no longer exhibited significant effects on attention/executive function, even though the postoperative change in BMI was also not a predictor of cognitive function at 12 months postoperatively. This pattern of findings is unexpected, but may be attributable to several possible processes. The most likely explanation is that the improved cognitive function following bariatric surgery is attributable to multiple physiological changes. For instance, recent work shows that reduced inflammatory processes following post-bariatric-surgery weight loss is associated with reduced amyloid precursor protein expression. 45 Similarly, weight loss after bariatric surgery reverses insulin abnormalities in the brain in severely obese individuals, and such processes may also translate to better cognitive function. 46 It is clear that future work involving larger study populations is much needed to fully elucidate the most important postoperative contributors to cognitive improvement, including the possible mediating role of leptin and ghrelin.
The generalizability of the current findings is limited in several ways. First, a healthy control group was not included; future studies employing healthy and patient comparison groups are needed to clarify the cognitive effects of leptin and ghrelin changes in bariatric surgery patients. In addition, we examined serum levels of leptin and ghrelin, and it is possible that assessment of these biomarkers using cerebrospinal fluid (CSF) may be more sensitive to neurocognitive outcomes. Past work shows that a lower CSF leptin is a key contributor to learning and memory processes, possibly offering another explanation for the lack of memory findings in the present study. 47 Likewise, appetite hormones represent just one possible contributor to postoperative cognitive changes, and additional work that utilizes objective medical assessments is needed to better clarify other mechanisms that lead to cogni-tive gains after bariatric surgery, such as resolution of medical conditions (e.g., hypertension, sleep apnea, and type 2 diabetes), improved medication status, and/or psychiatric disorders (e.g., depression). Future studies should also examine changes in neural activity in response to food stimuli between pre-and postbariatric surgery, particularly since this involves changes in leptin and ghrelin levels. In addition, future studies that employ advanced neuroimaging are needed to provide insight into the effects of severe obesity and bariatric surgery on the brain, as well as the pre-and postoperative effects of leptin and ghrelin levels on the structure and function of the brain. For instance, elevations in plasma leptin concentration have been found to predict a larger total brain volume while simultaneously reducing the incident dementia risk. 26 Through the use of an extended follow-up (e.g., 10 years) and more comprehensive neuropsychological testing, prospective studies should determine whether continued improvements in leptin and ghrelin levels following bariatric surgery result in reduced risk of cognitive decline and dementia in this high-risk population. Similarly, mild cognitive impairment is common in bariatric surgery patients, and larger longitudinal studies with cognitively diverse bariatric surgery candidates are needed to ascertain the effectiveness of weight-loss surgery in 1) delaying the onset of mild cognitive impairment and 2) preventing conversion from mild cognitive impairment to dementia.
In summary, while there is a growing body of evidence in the literature demonstrating that bariatric surgery is associated with improved cognition, the underlying mechanisms have not been well understood. The results of the present study suggest that improved serum leptin and ghrelin concentrations following bariatric surgery are independent contributors to the observed postoperative cognitive improvements. Future studies that employ advanced neuroimaging and extended follow-ups are needed to elucidate whether bariatric surgery can attenuate adverse brain changes and/or the risk of dementia over time.
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